PROCESS FOR PRODUCING SILICA-BASED FILM, SILICA-BASED FILM, 
PROCESS pjLM, AND SEMICONDUCTOR DEVICE 



PTFT.n nF THF. INVENTION 
The present invention relates to a process for 
producing a film. More particularly, the invention relates 
to a process capable of giving a coating film which is excellent 
m dielectric constant, mechanical strength, and low 
hygroscopicitY, and is suitable for use as a dielectric film 
m semiconductor devices and the like. 

llAr.KCROU Nn OF THF, INVENT ION 
Silica (S1O2) films formed by vacuum processes such as 
the CVD method have hitherto been used frequently as dielectric 
films m semiconductor devices and other devices. In recent 
years, a dielectric film which comprises a tetraalkoxysilane 
hydrolyzate as the m.am component and is called an SOG (spin 
on glass) film has come to be used for the purpose of forming 
a more even dielectric film. Furthermore, as a result of the 
trend toward higher degree of integration m semiconductor 
devices and the like, a dielectric film called an organic SOG 
f.lm has been developed v.-hxch comprises a polyorganosi loxane 
as the mam component and has a low dielectric constant. 

However, th rurther progress m the high integration 
or multilayer film interconnection m semiconductor devices 
and the like, better electrical insulation between metal lines 
and vias has com.G to required and, r.^n^-^, « ^.^^ 



characteristics . 

jp_A-6-181201 (the term "JP-A" as used herein means 
an "unexamined published Japanese patent application") 
discloses a dielectric f ilm having a lower dielectric constant . 
This technique is intended to provide an insulating film for 
semiconductor devices which has low water absorption and 
excellent cracking resistance . This insulating film is formed 
from a composition which comprises as the mam component an 
oligomer having a number average molecular weight of 500 or 
higher obtained by condensation-polymerizing an 
organometallic compound containing at least one element 
selected from titanium, zirconium, niobium, and tantalum with 
an organosilicon compound having at least one alkoxyl group 
in the molecule. 

JP-A-10-237307 and WO 97/00535 disclose techniques for 
curing an SOG film with electron beams, which comprise 
irradiating a resm comprising a siloxane resm as the mam 
component with electron beams. These techniques are intended 
to convert a siloxane resm into silica (SiO^) by electron beam 
irradiation. The insulating film thus obtained usually has 
a dielectric constant of from 3.5 to 4.2, which is still too 
high to apply the insulating film to semiconductor devices 
which operate at a high frequency. 

!^tTMMA RY OF THE IN VENTION 



a process for producing an insulating film which has an 
excellent balance between dielectric constant and mechanical 
strength and is suitable for use as a dielectric film m 
semiconductor devices and the like. 

Another object of the invention is to provide a process 
for producing a silica-based film which comprises irradiating 
a film comprising at least one siloxane compound with electron 
beams . 

Still another object of the invention is to provide 

^ -,r,H -i nc;nl Patina film. 

a film obtamea oy t-nt^ pj--^^,^^- — — • 

nt-n-^TT.TT.n nF.sr.RIP-T-TON OF THF, INVENTION 

In the invention, a film comprising at least one 

/V, r,-, -F-t-or- T-of^^rred to as "coating film") 
siloxane compound (hereinatter rexerreu 

is formed on a substrate. 

For forming the coating film, a coating composition 
prepared by dissolving at least one siloxane compound m an 
organic solvent (hereinafter referred to as "coating 
composition") is applied to a substrate and the organic solvent 
IS removed from the coating. 

Ingredient (A) which is the siloxane compound m the 
invention is a product of the hydrolysis and/or condensation 
of at least one compound selected from the group consisting 
of compounds represented by the following formula (1) 
(hereinafter referred to as "compounds ( 1) " ) : 
R\Si (OR') 



(1) 



integer of 0 to 2 , 

and compounds represented by the following formula (2) 
(hereinafter referred to as "compounds (2)"): 

R\ (R'O) 3.bSi- (R^) ,-Si (OR=) <2) 
wherein k\ R\ R\ and R^ may be the same or different and each 
represents a monovalent organic group; b and c may be the same 
or different and each is an integer of 0 to 2 ; R^ represents 
an oxygen atom or a group represented by -(CH,).-, wherein n 
is 1 to 6; and d is 0 or 1 . 

Examples of the rr.onovalent or-nanic groups represented 
by R^ and R^ xn formula (1) xnclude alkyl , aryl , allyl , and 
glycidyl groups. In formula (1) , R^ is preferably a monovalent 
organic group, more preferably an alkyl or phenyl group. 

The alkyl group preferably has 1 to 5 carbon atoms, 
and examples thereof include methyl , ethyl , propyl , and butyl . 
Those alkyl groups may be Ixnear or branched, and may be ones 
m which one or more of the hydrogen atoms have been replaced, 
for example, with fluorine atoms. 

in formula (1), examples of the aryl group include 
phenyl, naphthyl , methylphenyl , ethylphenyl , chlorophenyl , 
bromophenyl, and f luorophenyl . 

specific examples of the compounds represented by 

formula (1) include: 

trialkoxysilanes such as trimethoxysx lane , triethoxysi lane , 

tri-n-propoxysilane, tri isopropoxYSi iane , tr.--r.- 



f luorotri-n-propoxysilane , 
f luorotri-n-butoxysilane , 
f luorotri -ter t-butoxysxlane , 

as tetramethoxysilane, 
tetra-n-propoxysilane , 



f luorotriethoxysilane , 
f luorotriisopropoxysilane , 
f luorotri -sec-butoxysilane, 
and f luorotriphenoxysilane ; 
tetraalkoxysilanes such 
tetraethoxysilane , 
tetraisopropoxysilane tetra-n-butoxysilane , tetra-sec- 
butoxysilane, tetra-tert-butoxysxlane , and 

tetraphenoxysilane ; 
al kyl tr i al k oxy s i 1 anes 
methyltriethoxysilane , 
methyltriisopropoxysilane, 
methyltri-sec-butoxysilane , 
methyltriphenoxysilane , 

ethyl triethoxysilane , 

ethyl triisopropoxysilane , 

ethyl tri-sec-butoxysilane , 

ethyl triphenoxysilane , 

vinyl trxethoxysilane , 

vinyl triisopropoxysilane , 



as methyltrimethoxysilane, 
methyltri-n-propoxysilane, 
methyl tri-n-butoxysilane, 
methyl tri -tert-butoxysilane , 
ethyltrimethoxysilane , 
ethyl tri-n-propoxysilane , 
ethyl tri-n-butoxysilane , 
ethyltri- tert-butoxysilane 
vmyltrimethoxysilane 
vinyl tri -n-propoxysi lane 
vinyl tri-n-butoxy SI lane 
vmyltri-sec-butoxysilane, vinyl tri - ter t^butoxys 1 1 ane 

vinyl triphenoxysilane, n^propyl trimethoxysilane , 

propyltriethoxysilane, n-propyl tri -n-propoxysi lane , 
propyl triisopropoxysilane, n-propyl tri -n-butoxysilane , n 
propyl tri -sec-butoxysi lane, n -propyl t r i - te r t ^ bu toxys i 1 ane 



xsopropYltrxxsopropoxysxlane, xsopropYltrx-n-butoxysxlane , 

xsopropyltrx-sec-butoxysxlane, xsopropyltrx -tert- 

butoxysilane, xsopropyl triphenoxysilane , 

butyl trxmethoxysxlane, n-bu tyl trxethoxysa lane , n-butyltrx- 

n-propoxysxlane, n-butyltrxxsopropoxysxlane , n-butyl trx -n- 

butoxysxlane, n-butyl trx -sec-butoxysxlane , n-butyl trx- 

tert-butoxysilane, n-butyl trxphenoxysxlane , 

butyl trxmethoxysxlane, sec-butyl trxethoxysxlane , 

butyl trx-n-propoxysxlane, sec-butyltrxxsopropoxysxlane , 

sec-buryltrx-n-butoxysxlane,sec-butyltrx-sec-butoxysxlane, 

sec-butyl trx-tert-butoxysxlane, sec-butyl trxphenoxysxlane , 

tert-butyltrxmethoxysxlane, tert-butyl trxethoxysxlane , 

■ 1 ^ tert- 
tert-butyltri-n-propoxysxlane , 

butyl trxxsopropoxysxlane, tert-butyltrx-n-butoxysxlane , 

tert-butyl trx-sec-butoxysxlane, and tert-butyl trx-tert- 
butoxysilane ; 

tert-butyltrxphenoxysxlane, phenyl trxmethoxysxlane 

phenyltrxethoxysxlane, phenyltrx-n-propoxysxlane 
phenyl trxxsopropoxysxlane, phenyltrx-n-butoxysxlane 
phenyltrx-sec-butoxysxlane, phenyl trx - tert-butoxys x lane 
phenyltrxphenoxysxlane, vxnyl trxmethoxysx lane 

vxnyltrxethoxysxlane, y-amxnopropy 1 t r xme thoxys x 1 ane , v 

amxnopropyl trxethoxysxlane, 

glycxdoxypropyl trxmethoxysx lane , 

glYcidoxypropyltriethoxysxlane, 



dxx.ethYldxn.ethoxYSxlane, dx^ethyldxethoxysx lane , 

dxmethyldx-n-propoxysxlane, dxmethyld.xsopropoxys. lane , 

dxmethyldx-n-butoxysxlane, dxmethyldx -sec-butoxysx lane , 

dxmethyldx-tert-butoxysxlane. dxmethyldxphenoxysxlane , 

dxethyldxmethoxysxlane, dxethyldxethoxysx lane , dxethyldx- 
n-propoxysxlane, dxethyldxx sopropoxysxlane , dxethyldx-n- 
butoxysxlane, dxethyldx-sec-butoxysxlane , dxethyldx- tert- 
butoxysxlane, dxethyldiphenoxysxlane , dx-n- 

propyldxmethoxysxlane, dx-n-propyldxethoxysxlane , dx-n- 

• . ^-1 -r.-r>T-onvldiisopropoxysilane , 

propyldx-n-propoxysxj.cii.«, x---.^ 

dx-n-propyldx-n-butoxysxlane, dx-n-propyldx-sec- 
butoxysxlane, dx-n-propyldx-tert-butoxysxlane , dx-n- 

propyldxphenoxysxlane. dxxsopropyldxmethoxysxlane , 

dxxsopropyldxethoxysxlane, dxxsopropyldx-n-propoxysxlane , 
dxxsopropyldxxsopropoxysxlane,dxxsopropyldx-n-butoxysxlane 
dxxsopropyldx-sec-butoxysxlane, dxxsopropyldx-tert- 
butoxysxlane, dxxsopropyldxphenoxysxlane , dx-n- 

butyldxmethoxysxlane, dx-n-butyldxethoxysxlane , dx-n- 
butyldx-n-propoxysxlane, dx -n-butyldx xsopropoxysxlane , dx- 
n-butyldx-n-butoxysxlane, dx -n-bu tyldx -sec-bu toxys x lane , 
dx-n-butyldx^tert-butoxysxlane, dx -n-butyldxphenoxysx 1 ane , 

T Hi -c;p>r-butvldiethoxysilane 

di-sec-butyldimethoxYsxlane, di sec DUTiyxu 

dx-sec-butyldx-n-propoxysxlane, 

T m -c:e.r--butvldx-n-butoxysx lane 

butyldxxsopropoxysxlane, dx sec Ducyxu 

dx^sec-butyldx^sec-butoxysxlane, di -sec-buty Idx ^ ter t 



tert-butyldi-n-propoxysilane, tert 
butyldaxsopropoxYsxlane, dx-tert-butyldx-n-butoxysxlane , 
di-tert-butyldi-sec-butoxysilane, di-tert-butyldi-tert- 
butoxysxlane, di -tert-butyldxphenoxysxlane , 

dxphenyldxmethoxysxlane, dxphenyldxethoxysxlane , 

dxphenyldi-n-propoxysilane, dxphenyldxxsopropoxysxlane , 

dxphenyldx-n-butoxysxlane, diphenyldi -sec-butoxysx lane , 

dxphenyldx-tert-butoxysilane, diphenyldxphenoxysxlane , 

divxnyltrxmethoxysxlane, y-arnxnopropyl trimethoxysxlane , y- 
aminopropyl triethoxysxlane , ^ 
glycidoxypropyltrimethoxysilane , ^ 
glycidoxypropyltriethoxysilane, ^ 
trifluoropropyltrimethoxysilane, and Y" 

trif luoropropyltriethoxysilane . 

Preferred of those compounds (D are 

tetramethoxysxlane, tetraethoxysilane , tetra-n- 

propoxysxlane, tetrax sopropoxysx lane , tetraphenoxysi lane , 
methyl tr xme thoxys i 1 ane , methyl tr i e thoxysx lane , me thy 1 t rx - 
n-propoxysxlane, methyl trxx sopropoxysx lane , 

ethyl trxmethoxysilane , 
vinyl trimethoxysxiane , 
phenyltrxmethoxysxlane, phenyl trxe thoxysx lane 



e thy Itriethoxysx lane , 
vxnyltrxe thoxysx lane , 



dxmethyldxmethoxysxlane , 
die thyldxme thoxysx lane , 



dimethyldxethoxysxlane , 
dxe thy Idxethoxysx lane , 



diphenyldimethoxysilane, diphenyldierhoxysx 1 



ane , 



trxphenylmonomethoxysxlane, and trxphenylmonoethoxysxlane . 

in formula (2) , examples of the monovalent organxc 
group xnclude the same organxc groups as those enumerated above 
with regard to formula (1) • 

Examples of the dxvalent organxc group represented by 
xn formula (2) xnclude alkylene groups havxng 2 to 6 carbon 
atoms, such as methylene. 

Examples of the compounds represented by formula (2) 
wherexn xs an oxygen atom xnclude hexamethoxydxsxloxane, 

.. u^^-,•r^^-,^^r,r^-^r^/^i^ siloxane , 1,1,1,3,3- 
hexaethoxyaxsxxoxdnt;, ..^^^^ 

pentamethoxy-3-methyldxsxloxane , 1,1,1,3, 3-pentaethoxy-3- 
methyldxsxloxane, i , 1 , 1 , 3 , 3-pentamethoxy-3-phenyldxsxloxane , 
^^1^1 ^3, 3-pentaethoxy-3-phenyldxsxloxane , 1,1,3,3- 
tltramethoxy-1 , 3-dxmethyldx sxloxane , 1,1,3 , 3-tetraethoxy- 



1 , 3-dimethyldisiloxane , 
dxphenyldisxloxane , 
dxphenyldisiloxane , 
trimethyldxsiloxane, 
trxmethyldxsxloxane , 
triphenyldx siloxane , 
triphenyldxsiloxane , 
tetramethyldisiloxane , 
tetramethyldxsxloxane , 
tetraphenyldxsiloxane , 
tetraphenyldi sxloxane . 



1,1,3, 3-tetramethoxy-l , 3- 
1,1,3 , 3-tetraethoxy-l , 3- 
1,1, 3-trimethoxy-l ,3,3- 
1,1, 3- trxethoxy-1 ,3,3- 
1 , 1 , 3-trxmethoxy-l ,3,3- 
1,1, 3- trxethoxy-1 ,3,3- 
1 , 3-dxmethoxy-l ,1,3,3- 
1 , 3-dxethoxy-l ,1,3,3- 
1 , 3-dxmethoxy-l ,1,3,3- 
and 1 , 3-dxethoxy-l , 1 , 3 , 3- 

Preferred ot these are 



1 , 3-dimethYldxsiloxane , 
diphenyldisiloxane , 
tetramethyldisiloxane , 
tetramethyldisiloxane , 
tetraphenyldisiloxane , 



1,1,3 , 3-tetramethoxy-l , 3- 
1 , 3-diinethoxy-l ,1,3,3- 
1 , 3-diethoxY-l ,1,3,3- 
1 , 3-dxmethoxy-l ,1,3,3- 
1 , 3-diethoxy-l ,1,3,3- 



tetraphenyldisiloxane, and the like. 

Examples of the compounds represented by formula (2) 

wherexn d xs 0 xnclude hexamethoxydxsxlane , 

hexaethoxydxsxlane, hexaphenoxydxsxlane , 1,1,1,2,2- 

, .... ^. 1 .1 .l,2,2-pentaethoxY-2- 

pentamethoxy-^-meL.Ilyx^-.u.o.^.^o....-, , , . . 

n^ethyldxsxlane, 1,1,1 , 2 , 2-pentamethoxy-2-phenyldxsxlane , 
1,1,1,2, 2-pentaethoxY-2-phenyldisilane , 1,1,2,2- 
tltramethoxy-1 , 2-dimethyldxsxlane , 

1 1 9 ,2-tetramethoxy-l ,2- 
1 ,2-dimethYldxsxlane, x, , , 

diphenyldisilane, 1 , 1 , 2 , 2- tetraethoxy-1 , 2 -dxph.nyld.s.lane , 
1,1, 2-tr..,ethoxy-l ,2 , 2- tr xmethyldi sxlan. , 1 , 1 , 2 - tr.ethoxy- 

, • -, ^ 1 1 , 2-trimethoxy-l , 2 , 2- 

1 ,2 , 2-trxmethYldxsxlane, ' ' 

tlxphenyldxsxlane, 1 , 1 , 2 - trxethoxy- 1 , 2 , 2 - tr xphenyldx sx lane , 
l,2-dxmethoxy-l,l,2,2-tetramethyldxsxlane, 1 , 2 -dxe thoxy- 
^^^^2,2- tetramethy Idx sx 1 ane , 1 , 2 -dxmethoxy- 1 ,1,2,2- 

and 1 , 2-diethoxY-l , 1 ,2 ,2- 

tetraphenyldisilane , ana 

tetraphenyldisxlane . 

Examples of the compounds represented by formula (2) 
„herern .s a group represented by -(CHO.- rnclude 

brs(hexamethoxysrlyl)methane, or s ( hexae thoxys . Iv 1 ) me thano , 



bis (diethoxyme thyl SI lyl) methane, 
bis (dime thoxyphenylsi lyl ) methane , 
bis (diethoxyphenylsilyl) methane, 
bis (methoxydimethylsilyl) methane, 

bis (ethoxydimethylsilyl ) methane , 

bi s (methoxydipheny 1 si lyl ) methane , 

bi s (ethoxydiphenyl silyl ) methane , 

bis(hexamethoxysilyl)ethane, bis (hexaethoxysilyl) ethane , 

bis (hexaphenoxysilyl) ethane , 

bis (dimethoxymethylsilyl) ethane , 

bis (diethoxyme thyl silyl ) ethane , 

bis (dimethoxyphenylsilyl) ethane, 

bis (diethoxyphenylsilyl) ethane, 

bis (methoxydimethylsilyl ) ethane , 

bis (ethoxydimethylsilyl) ethane, 

bis (methoxydiphenylsilyl ) ethane , 

1 , 3 

bi s (ethoxydiphenyl si lyl ) ethane , 

1 ,3 

bis (hexamethoxysilyl) propane, 

1 , 3 

bis (hexaethoxysilyl) propane, 

1 ,3 

bis (hexaphenoxysilyl) propane, 

1 , 3 

bis (dimethoxymethylsi lyl ) propane , 

1 , 3 

bis (diethoxyme thylsilyl) propane, 
bis (dimethoxyphenylsilyl ) propane , 
bis (diethoxyphenylsilyl) propane, 

1 , 

bis (methoxydimehyisiiyl) propane , 



bxsCethoxydiphenylsilYDpropane. Preferred of these are 

,. .-, „^ hexaethoxydisilane, 
hexamethoxydisilane , 

T „^ 1 , 1 ,2 ,2-tetramethoxy-l ,2- 

hexaphenoxydisilane, ±, , , 

dxmethyldxsxlane ,1,1,2 , 2 - tetraethoxy-1 , 2 -dxmethyld.s. lane , 
1,1,2 , 2- tetramethoxy- 1 , 2 -diphenyldi si lane , 1,1,2,2- 
tetraethoxy-1 , 2-dxphenyldxsxlane , 1,2 -dxmethoxy-1 ,1,2,2- 

1 1 ,2-diethoxy-l ,1 ,2,2- 

tetramethyldxsxlane , ' 

^ T -1 ^ 1 ,2-dimethoxY-l , 1 ,2,2- 

tetramethyldxsxlane, 

, 1 2-diethoxY-l , 1 ,2 ,2- 

tetraphenyldxsxlane, ^'^ 

- vs-i c- /HQvam<al-hoxvsilvl) methane , 
tetraphenylclxsxxane, — - x 

bis (hexaethoxysilyl) methane, 

bxs (dimethoxymethylsxlyl) methane, 

bxs (diethoxymethyl si lyl) methane, 

bi s ( dime thoxyphenyl s x lyl ) methane , 

bxs (diethoxyphenylsxlyl ) methane , 

bx s (methoxydxmethyl si lyl ) methane , 

bis (ethoxydxmethylsxlyl) methane, 

bxs (methoxydxphenylsx lyl) methane, ^""^ 
bxs (ethoxydxphenylsxlyl)me thane . 

In the invention, it is preferred to use a combination 
of an alkyltrialkoxysilane and a tetraal koxy si 1 ane among the 
compounds (1) and (2) enumerated above. In this case, the 
proportion of the tetraalkoxysi lane is generally from 5 to 75% 
by weight, preferably from 10 to 70% by weight, more preferably 
from 15 to 70% by weight, and that of the alkyltrialkoxysilane 



terms of the amount of the product of complete hydrolysrs and 
condensatron. When a tetraal.oxysr lane and a tr.al.oxysr lane 
are used xn a proportion wrthin that range, the coatrng frlm 
obtarned has a hrgh modulus of elast.c.ty and an exoeedrngly 
low dielectric constant. 

The term "product of complete hydrolysis and 
condensation" as used herern means a product rn whrch all the 
R'O-, R'O-, and R'O- groups rn the compounds (1) and (2) have 
been hydrolyzed into SrOH groups and completely condensed to 
form a siloxane structure. 

The compounds (1) and (2) are hydrolyzed and condensed 
in an organrc solvent. Water rs preferably used m the 
hydrolysrs and condensation xn an amount of f rom 0 . 3 to 10 mol 
per mol of the groups represented by R^O- , R'O- , and R'O- rn 
formulae (1) and (2) . 

A catalyst rs generally used for the hydrolysrs and 
condensation of the compounds (1) and (2, rn an organr c solvent . 

Examples of the catalyst include organic acids, 
inorganic acids, organic bases, inorganic bases, and metal 

Examples of the organic acids include acetic acid, 
piopionicacid, bu tanoi c acid , pen tanoi c aci d , hexanoi c aci d , 
heptanoic acid, octanoic acid, nonanoic acid, decanoic acid, 
oxalic acid, maleic acid, methylmalonic acid, adipic acid, 
.sebacic acid, calliC acid, butyric acid, mellitic acid, 



ac.d, benzoic ac.d, p-a^.ncbenzo.c acxd, p-toluenesulf onxc 
acid, benzsnesulfonic acid. .onochloroacetx c acid, 
d.chloroacet.c ac.d, t.xchl o.oacet .c ac.d, tr.f luoroacet. c 

m^ir^mracid sul foni c acids , phthal i c acid , 
acid, formic acid, malonicacia, t>uj.j. 

fumaric acid, citric acid, and tartaric acid. 

Examples of the inorganic acids include hydrochloric 

acid, nitric acid, sulfuric acid, hydrofluoric acid, and 

phosphoric acid. 

Examples of the inorganic bases include ammonia, 

. u,,^^^ Y-i Ho barium hydroxide, and 
sodium hydroxide, potai.^x^.u ..j,^^ - 

calcium hydroxide. 

Examples of the organic bases include methanolamine , 

n^ethylmethanolamme, N-ethylmethanolamme 



propylmethanol amine , 
methylethanolamine , 
propylethanolamine , 
methylpropanolamme , 
propylpropanolamine , 
methylbutanolamme , 
propylbu tanolamme , 
dimethylinethanolamine , 
dipropylmethanolainine , 
dimethylethanolamine , 
dipropylethanolainine , 



N-butylmethanolamine , 
N -ethyl ethanol amine , 
N-butylethanolamine , 
N-ethylpropanolamine , 
N-butylpropanolamme , 
N-ethylbutanolamme , 
N-butylbutanolamme , 
N , N- diethyl met hand amine , 
N , N-dibutylmethanolamme , 
N ,N-diethylethanolamine , 
N , N-dibutylethanolamme , 



N- 
N- 
N- 
N- 
N- 
N- 
N- 
N ,N 
N , N 
N ,N 
N ,N 
N ,N 



dimethylbutanolamine , 
dipropYlt)Utanolamine , 
methyldimethanolarnxne , 
propyldimethanolamine , 
methyldiethanolarnxne , 
propyldiethanolamine , 
methyldipropanolamine , 
propyldipropanolamine , 
methyldibutanolamine , 
propyldibutanolarr.me , 



N ,N-diethylbutanolamine , 
N , N-dibutylbutanolamine , 
N-ethyldimethanolamine , 
N-butyldxmethanolamine , 
N-Gthyldiethanolamme , 
N-butyldiethanolamine , 
N-ethyldipropanolamine , 
N-butyldipropanolamine , 
N-ethyldibutanolamine, 



N-butyldibutanolamine , 

(amxnomethyl)inethanolamxne, N- (amxnomethyl) ethanolamxne , 

H- (amxnomethyl )propanolamxne, N- (amxnomethyl ) butanolamxne , 

H-(amxnoethyl)methanolamxne, N- (amxnoethyl ) ethanolamxne , 

N-(amxnoethyl)propanolamxne, N- (amxnoethyl) butanolamxne , 

N- (amxnopropyl ) m.ethanolamxne , N- (amxnopropyl ) ethanolamxne , 

N- (amxnopropyl ) propanolamxne , N- (amxnopropyl ) butanolamxne , 



N- (amxnobutyl) methanolamine , 
N- (amxnobutyl ) propanolamxne , 



N- (amxnobutyl) ethanolamxne, 
N- (amxnobutyl ) butanolamxne , 



methoxymethylamxne, methoxyethylamxne , me thoxypropylamxne , 
methoxybutylamxne , ethoxyme thyl amx ne , e thoxyethylamxne , 
Gthoxybutylamxne, propoxymethyi ami ne , 
propoxYpropylamine, pr opoxybu ty 1 ami ne , 
butoxyethylamine , butoxypropylamme , 
butoxybutylamme, methylamme, ethylamme, propylamine, 
butvlamme, N , N-dime thyl ami ne , N , N -di ethy lami no , N,N- 



ethoxypropylamme , 
propoxyethylamine , 
butoxymethylamme , 



tetramethYlammon.umhYdrox.de, tetraethYlammon.um hYdroxxde , 

tetrapropYlammonxumhYdroxxde, tetrabu tyl ammonxum hydroxxde , 

tetramethYlethYlenedxamxne, tetraethYlethYlenedxamxne , 

^ -, ^,-,,T,nr.& tetrabutylethYlenedxamme, 
tetrapropylethYlenediaminfe, retrat. ^ 

^v, Torr^nn^ methYlammoethYlamine, 
methylamxnomethYlamine , 

methylaminobutYlarnxne, 

methYlamxnopropylamxne , 

^, -, ■ ^ ethYlaminoethylamine, 
ethYlaminomethylamine , 

. _ ethylarnxnobutylamine , 

ethYlarnxnopropylarnxne , 

, . ^ propYlarnxnoethylamine, 
propYlaminomethYlamxne, H 

. oroDYlaminobutYlarnxne, 
propYlarnxnopropyxaiuXiic , 

, . ^ butylaminoethYlamine, 
butylaminomethYlarnxne , 

butYlamxnopropYlamxne , butYlamxnobutYlamxne , pyrxdxne , 
PYrrole, pxperazxne, pYrrolxdxne, pxperxdxne, pxcolxne, 
^.orpholxne, methYlmorpholxne , dxazabx cYclooctane , 

dxazabxcYclononane, dxazabxcYcloundecene , and urea. 

Examples of the metal chelates xnclude txtanxum 
chelate compounds such 

trxethoxYinono (acetylacetonato) txtanxum, trx-n- 
propoxYmono (acetylacetonato) txtanxum, 

trxxsopropoxYmono(acetYlacetonato) txtanxum, trx-n- 
butoxYmono(acetylacetonato) txtanxum, trx^sec- 
butoxymono (ace tYlacetonato) txtanxum, tri-tert- 
butoxymono (acetylacetonato) txtanxum, 

dxethoxybxs (acetylacetonato) txtanxum, ^x-n- 
propoxybis (acetylacetonato) txtanxum, 



butoxYbis (acetylacetonato) txtanium, 
butoxybis (acetylacetonato) titanium, 
monoethoxytris (acetylacetonato) titanium, 
propoxytris (acetylacetonato) titanium, 
monoisopropoxytris (acetylacetonato) titanium, 
butoxytris (acetylacetonato) titanium, 
butoxytris (acetylacetonato) titanium, 
butoxytris (acetylacetonato) titanium, 
tetrakis (acetylacetonato) titanium, 

-,^-t--.-i-r^\ •(- -i •l-;:in i um . 

triethoxymono ieT:nyidt;t:i«->-.civ-= — » 

propoxymono (ethylacetoacetato) titanium, 

triisopropoxymono (ethylacetoacetato) titanium, 

butoxymono (ethylacetoacetato) titanium, 

butoxymono (ethylacetoacetato) titanium, 

butoxymono (ethylacetoacetato) ti tanium , 

diethoxybis (ethylacetoacetato) titanium, 

propoxybis (ethylacetoacetato) titanium, 

diisopropoxybis (ethylacetoacetato) titanium, 

butoxybis (ethylacetoacetato) titanium, 

butoxybis (ethylacetoacetato) titanium, 

butoxybis (ethylacetoacetato) titanium, 

monoethoxytris (ethylacetoacetato) titanium, 

propoxytris (ethylacetoacetato) titanium, 

monoisopropoxytris (ethylacetoacetato) titanium, 

butoxytris (ethylacetoacetato) titanium, 



di-tert- 



mono-n- 
mono-sec- 
mono- tert- 



tri-n- 

tri-n- 
tri-sec- 
tri-tert- 



di-n- 
di-sec- 
di-tert- 



mono-n 

mono- sec 



tetrakis (ethylacetoaceta to) txtanium, 

mono (acetylacetonato) tri s (ethylacetoacetato) titanium, 
bis (acetylacetonato) bis (ethylacetoacetato) titanium, and 
tris (acetylacetonato) mono (ethylacetoacetato) titanium; 
zirconium chelate compounds such as 

triethoxymono (acetylacetonato) zirconium, tri-n- 
propoxymono (acetylacetonato) zirconium, 

triisopropoxymono (acetylacetonato) zirconium, tri-n- 
butoxymono (acetylacetonato) zirconium, tri-sec- 
butoxymono (acetylacetonato) rconium, tri-tert- 
butoxymono (acetylacetonato) zirconium, 
diethoxybis (acetylacetonato) zirconium, 
propoxybis (acetylacetonato) zirconium, 
diisopropoxybis (acetylacetonato) zirconium, 
butoxybis (acetylacetonato) zirconium, di-sec- 
butoxybis (acetylacetonato) zirconium, di-tert 
butoxybis (acetylacetonato) zirconium, 

monoethoxytris (acetylacetonato) zirconium, mono-n 
propoxytris (acetylacetonato) zirconium, 

monoisopropoxytris (acetylacetonato) zirconium, mono-n 
butoxytris (acetylacetonato) zirconium, mono-sec 
butoxytris (acetylacetonato) zirconium, mono-tert 
butoxytris (acetylacetonato) zirconium, 
tetrakis (acetylacetonato) zirconium, 

triethoxymono (ethylacGtoacGtato) zirconium, tri-n 



di-n- 



di-n- 



butoxYinono(ethYlacetoacetato) zirconium, tri-sec- 
butoxYmono(ethYlacetoacetato) zirconium, tri-tert- 
butoxymono (ethylacetoacetato) zirconium, 

diethoxybis (ethylacetoacetato) zirconium, di-n- 
propoxybis (ethylacetoacetato) zirconium, 

diisopropoxybis (ethylacetoacetato) zirconium, di-n- 
butoxybis (ethylacetoacetato) zirconium, di-sec- 
butoxybis (ethylacetoacetato) zirconium, di-tert- 
butoxybis (ethylacetoacetato) zirconium, 

monoethoxytris (ethylacetoacetato) zirconium, mono-n- 
propoxytris (ethylacetoacetato) zirconium, 

monoisopropoxytris (ethylacetoacetato) zirconium, mono-n- 
butoxytris (ethylacetoacetato) zirconium, mono-sec- 
butoxytris (ethylacetoacetato) zirconium, mono-tert- 
butoxytris (ethylacetoacetato) zirconium, 
tetrakis (ethylacetoacetato) zirconium, 

mono (acetylacetonato) tris (ethylacetoacetato) zirconium, 
bis (acetylacetonato)bis (ethylacetoacetato) zirconium, and 
tris (acetylacetonato) mono (ethylacetoacetato) zirconium; and 
aluminum chelate compounds such as 

tris (acetYlacetonato) aluminum ^"^^ 
tris (ethylacetoacetato) aluminum . 

The amount of the catalyst to be used is generally from 
0.0001 to 1 mol, preferably from 0.001 to 0.1 mol , per mol of 
the total amount of the compounds (1) and (2) . 



calculated for standard polystyrene, of fro. 500 to 100,000. 

in the invention, the siloxane compound is usually 
dissolved in an organic solvent and applied as a coating 
composx tion . 

Examples of the solvent which can be used in the 
invention include aliphatic hydrocarbon solvents such as 
n-pentane, isopentane, n-hexane, isohexane, n-heptane, 
isoheptane, 2 , 2 , 4 - trimethylpentane , n-octane, isooctane, 
cyclohexane, and methylcyclohexane ; aromatic hydrocarbon 
solvents such as benzene, toluene, xylene, ethylbenzene. 
trimethylbenzene, methylethylbenzene , n-propylbenzene , 
isopropylbenzene, dl ethylbenzene , i sobuty Ibenzene , 

triethylbenzene, dii sopropylbenzene , n-amylnaphthalene , and 
trimethylbenzene; monohydric alcohols such as methanol, 
ethanol, n-propanol , isopropanol, n-butanol , isobutanol, 
sec-butanol, t-butanol , n-pentanol , isopentanol, 2- 
methylbutanol, sec-pentanol , t-pentanol , 3-methoxybutanol , 
n-hexanol, 2-methylpentanol , sec-hexanol , 2 -ethy Ibutanol , 
sec-heptanol, heptanol-3, n-octanol , 2 -ethy Ihexanol , sec- 
octanol, n-nonyl alcohol, 2 . 6-dimethylheptanol ^4 , n-decanol , 
sec-undecyl alcohol, t rimethy 1 nony 1 alcohol, sec^ te tradecyl 
alcohol. sec-heptadecyl alcohol, phenol, eye lohexanol . 
methylcyclohexanol, 3 , 3 , 5-trimethylcyclohexanol . benzyl 
alcohol . phenylmethylcarbinol diacetone alcohol . and cresol ; 
polyhydric alcohols such as ethylene glycol. 1 . 2 -propy i.ne 



• 



ethYlhexanediol-1,3, dxethylene glycol, dxpropylene glycol, 
trxethylene glycol, trxpropylene glycol , and glycerol ; ketone 
solvents such as acetone, methyl ethyl ketone, methyl n-propyl 
ketone, methyl n-butyl ketone, dxethyl ketone, methyl xsobutyl 
ketone, methyl n-pentyl ketone, ethyl n-butyl ketone, methyl 
n-hexyl ketone, dxxsobutyl ketone, trxmethylnonanone , 
cyclohexanone , methyl cyclohexanone , 2 , 4-pentanedxone , 
acetonyl acetone, dxacetone alcohol, acetophenone , and 
fenchone; ether solvents such as ethyl ether, xsopropyl ether, 
n-butyl ether, n hexyl ether, 2-p.thylhexyl ether, ethylene 
oxide, 1,2-propylene oxxde, dxoxolane, 4 -methyldxoxolane , 
dxoxane, dxmethyldioxane , ethylene glycol monomethyl ether, 
ethylene glycol monoethyl ether , ethylene glycol dxethyl ether , 
ethylene glycol mono-n-butyl ether, ethylene glycol mono- 
n-hexyl ether, ethylene glycol monophenyl ether, ethylene 
glycol mono-2-ethylbutyl ether , ethylene glycol dxbutyl ether , 
dxethylene glycol monomethyl ether, dxethylene glycol 
monoethyl ether, dxethylene glycol dxethyl ether, dxethylene 
glycol mono-n-butyl ether, dxethylene glycol dx -n-butyl ether, 
dxethylene glycol mono-n-hexyl ether, ethoxytrxglycol , 
tetraethylene glycol dx-n-butyl ether, propylene glycol 
monomethyl ether, propylene glycol monoethyl ether, propylene 
glycol monopropyl ether, propylene glycol monobutyl ether, 
dxpropylene glycol monomethyl ether, dxpropylene glycol 
monoethyl ether, trxpropylene glycol monomethyl ether, 



Y-butyrolactone, y-valerolactone , n-propyl acetate, isopropyl 
acetate, n-butyl acetate, isobutyl acetate, sec-butyl acetate, 
n-pentyl acetate, sec-pentyl acetate, 3-methoxybutyl acetate, 
methylpentyl acetate, 2-ethylbutyl acetate, 2-ethylhexyl 
acetate, benzyl acetate, cyclohexyl acetate, methylcyclohexyl 
acetate, n-nonyl acetate, methyl acetoacetate , ethyl 
acetoacetate, ethylene glycol monomethyl ether acetate, 
ethylene glycol monoethyl ether acetate, diethylene glycol 
monomethyl ether acetate, diethylene glycol monoethyl ether 
acetate, diethylene glycol mnno-n-butyl ether acetate, 
propylene glycol monomethyl ether acetate, propylene glycol 
monoethyl ether acetate, propylene glycol monopropyl ether 
acetate, propylene glycol monobutyl ether acetate, dxpropyl 
glycol monomethyl ether acetate, dipropylene glycol monoethyl 
ether acetate, glycol diacetate, methoxy trxglycol acetate, 
ethyl propxonate, n-butyl propionate, isoamyl propionate, 
diethyl oxalate, di-n-butyl oxalate, methyl lactate, ethyl 
lactate, n-butyl lactate, n-amyl lactate, diethyl malonate, 
dimethyl phthalate, and diethyl phthalate; nitrogen- 
containmg solvents such as N-methyl f ormamide , N,N- 
dimethylformamide, N , N-diethylf ormamide , acetamide, 
methylacetamide, N , N-dimethylacetamide , N- 

methylpropionamide, and N-methylpyrrolidone ; and sulfur- 
contaming solvents such as dimethyl sulfide, diethyl sulfide, 
thiophene , te t rahydrothi ophene , dimethyl sul f oxide , 



It IS especially preferred xn the invention to use an 
organic solvent having a boiling point lower than 250°C. 
Examples thereof include alcohols such as methanol, ethanol , 
and isopropanol; polyhydric alcohols such as ethylene glycol 
and glycerol; glycol ether solvents such as ethylene glycol 
monomethyl ether, ethylene glycol monobutyl ether, diethyl 
glycol monoethyl ether, diethylene glycol diethyl ether, 
propylene glycol monopropoyl ether, and dipropylene glycol 
monoethyl ether; glycol acetate/ether solvents such as 
ethylene glycol monomethyl ether acetate, diethylene glycol 
monobutyl ether acetate, ethylene glycol diacetate , and 
propylene glycol methyl ether acetate; amide solvents such as 
N,N-dimethylacetamide, N , N- dimethyl formamide , and N- 
methyl-2-pyrrolidone; ketone solvents such as acetone, methyl 
ethyl ketone, methyl isobutyl ketone, acetylacetone , and 
methyl amyl ketone; and carboxylic ester solvents such as ethyl 
lactate, methoxyme thyl propionate, and ethoxyethyl propionate. 
These solvents may be used alone or m combination of two or 
more thereof. 

The amount of the organic solvent to be used m the 
invention is generally from 0.3 to 25 times (by weight) the 
amount of the siloxane compound (m terms of the product of 
complete hydrolysis and condensation) . 

The coating composition for use m the invention can 
be produced by mixing the siloxane compound with ar 



o r q a n 1 c 



The coating composxtxon for use xn the invention may 
further contain ingredients such as a colloidal silica, 
colloidal alumina, and surfactant. 

The colloidal silica is a dispersion comprising, for 
example, any of the aforementioned hydrophilic organic 
solvents and high-purity silicic acid anhydride dispersed 
therein . It has an average particle diameter of generally from 
5 to 30 nm, preferably from 10 to 20 nm, and a solid concentration 
of generally about from 10 to 4 0% by weight. Examples of the 

J-.. -i-Hc. TTiot-hpinol silica sol and 
colloidal silica j-a^^^^-^ — 

xsopropanol silica sol manufactured by Nissan Chemical 
industries, Ltd., and Oscal , manufactured by Catalysts . 
Chemicals Industries Co., Ltd. 

Examples of the colloidal alumina include Alumina Sol 
520, 100, and 200, rr.anufactured by Nissan Chemical Industries, 
Ltd., and Alumina Clear Sol and Alumina Sol 10 and 132, 
manufactured by Kawaken Fine Chemicals Co., Ltd. 

Examples of the surfactant include nonionic 
surfactants, anionic surfactants, cationic surfactants, and 
amphoteric surfactants, and further include silicone 
surfactants, poly (alkylene oxide) surfactants, and 
poly (meth) acrylate surfactants. 

The coating composition for use m the invention 
preferably has a total solid concentration of from 2 to 30% 
bv weigh.. The total solid concentration thereof is suitably 



2 to 30% by weight, the composition not only gives a coating 
fxlm having an appropriate thickness but has better storage 
stability . 

In the coating composition for use m the invention, 
the content of alcohols having a boilmg point of 100°C or lower 
IS preferably 20% by weight or lower, more preferably 5% by 
weight or lower. There are cases where alcohols having a 
boiling point of 100°C or lower generate during the hydrolysis 
and condensation of the compounds (1) and (2) . It is therefore 
preferred to remove such low-bo: ling alcohols by distillation 
or another means so as to result in a content thereof of 20% 
by weight or lower, preferably 5% by weight or lower. 

Examples of the substrate to which the coating 
composition is applied m the invention include silicon wafers , 
SiO, wafers , and SiN wafers . Usable coating techniques include 
spin coating, dip coating, roll coating, and spraying. 

The coating film obtained m the invention by applying 
the coating composition to a substrate and removing the organic 
solvent therefrom has a thickness of generally from 0.05 to 
3 pm, preferably from 0.1 to 2.5 ym . 

in the invention, the coating film thus formed or an 
organic silica-based film obtained by curing the coating film 
IS irradiated with electron beams. 

The irradiation with electron beams according to the 
invention is conducted at an energy of generally from 0 . 1 to 



ron 



yC/cm^ . 

use of an accelerating voltage of from 0.1 to 50 keV 
advantageous xn that electron beams can sufficiently 
penetrate into inner parts of the coating film without passing 
through the film and damaging the underlying semiconductor 

devi ce . 

Furthermore, when the electron beam xrrad.atxon xs 
conducted xn an xrradxatxon dose of from 1 to 1,000 pC/cm% 
the sxloxane compound can be reacted throughout the coatxn 
fxlm whxle mxnxmxzxng damage to the coatxng fxlm. 

The temperature of the substrate during the electr 
beam xrradxatxon xs generally from 25 to 500°C, preferably from 
25 to 450°C. 

The time required for the coating film to cure with 
electron beams is generally about from 1 to 5 minutes, which 
is far shorter than the time of from 15 minutes to 2 hours 
required for thermal cure. It can therefore be said that 
electron beam irradiation is suitable for the treatment of 

xndxvxdual wafers. 

Before bexng xrradxated wxth electron beams according 
to the xnventxon, the coatxng fxlm may be converted to an 
organxc sxlxca fxlm havxng a dxelectrxc constant of 3 . 0 or lower , 
preferably 2 . 9 or lower, more preferably 2 . 8 or lower, by 
heatxng the substrate at from 250 to 500°C and thereby 
heat^curxng the sxloxane xngredxent according to the 



^ -i c e^i^fective in reducing 
then irradiated with electron beams is effecti 

^4.+.-.; Kni-oble to unevenness 
the unevenness of film thickness attributable 

of electron beam irradiation dose. 

The electron beam irradiation in the invention is 
preferable conducted in an atmosphere havin. an ox.,en 
concentration of 10,000 ppm or lo«er , preferably 1 ,000 ppm or 



lower 



It IS possible to conduct the electron beam irradiation 
according to the invention in an inert .as atmosphere. 

. , _.4-„^-,^r, h«="lium, argon, 
Examples of the inert gas inciuae ,.i..-,^-, - 

.rypton, and xenon. Preferred of these are helium, ar.on and 
„,tro,en. when the electron beam irradiation is conducted in 
an inert ,as atmosphere, the film bein. irradiated is less apt 
to be oxidized, so that a silica-based film retaining a lo. 
dielectric constant can be obtained. 

The electron beam irradiation may be conducted in an 
atmosphere havm, a reduced pressure. .He de.ree of vacuum 
.3 generally 133 Pa or lo«er , preferably from 0.133 to 26.7 

.he silica-based film obtained by the invention has 

. r (number of carbon atoms) of generally from 
a carbon content (numcer 

, „ IV, by mole, preferably from 9 to 15.5% by mole. 

When the silica-based film obtained has a carbon 
content .ithm that range, it can have improved mechanical 
retaining a low dielectric constant. 



structure. In an xnfrared absorptron spectrum, the sxl.con 
carbxde bonds gxve a characterxstxc absorption around 890 cm^ . 

Because of such features, the srlxca-based fxlm xs 
excellent xn xnsulatxng propertxes , evenness, dxelectrxc 
constant characterxstxcs , crackxng resxstance, and hardness . 

consequently, the sxlxca-based fxlm xs useful xn 
applxcatxons such as dxelectrxc fxlms for semiconductor 
devxces such as LSIs, system LSIs, DRAMs , SDRAMs , RDRAMs , and 
D-RDRAMs, protectxve fxlms such as surface coat fxlms for 

• ■ -. , _ -p-iimc For- multilavered 

semxconductor devxces, axextiu; u.. .^^...^ 

prxnted circuxt boards , and protectxve or xnsulatxng fxlms for 
Ixquid-crystal display devices. 

The xnventxon wxll be explaxned below xn more detaxl 
by reference to the following Examples. 

In the followxng Examples and Productxon Example, all 
-parts" and "percents" are by wexght unless otherwxse 
xndi cated . 

PROnUCT I ON .EXAMPLE 1 
An aqueous solution prepared by dxssolvxng 1 . 0 g of 
malexc acxd xn 157.7 g of water was added dropwxse over 1 hour 
at room temperature to a solutxon prepared by mxxxng 101.3 g 
of tetramethoxysxlane (40.0 g xn terms of the product of 
complete hydrolysxs and condensatxon) , 203.0 
^.ethyltrxmethoxysxlane (100-0 g xn terms of the product of 
complete hydrolysxs and condensatxon), 97.3 g of 



of 



glycol monopropyl ether, and 239 . 7 g of methyl n-pentyl ketone. 
After completion of the addition, the resultant mixture was 
reacted at 60°C for 2 hours and then concentrated under reduced 
pressure until the total solution amount reached 1 , 000 g . Thus , 
an ingredient (A) solution having a solid content of 20% was 
obtained . 

PRnnnr.Ti QN f.xample 2 
An aqueous solution prepared by dissolving 1.2 g of 
maleic acid m 157.7 g of water was added dropwise over 1 hour 
at room temperature to a solution prepared by mixing 152.0 g 
of tetramethoxysilane (60.0 g in terms of the product of 
complete hydrolysis and condensation), 284.1 g of 
methyl trimethoxysilane (140.0 g in terms of the product of 
complete hydrolysis and condensation) , and 7 98 . 8 g of propylene 
glycol monomethyl ether. After completion of the addition, 
the resultant mixture was reacted at 60°C for 2 hours and then 
concentrated under reduced pressure until the total solution 
amount reached 1,000 g. Thus, an ingredient (A) solution 
having a solid content of 20% was obtained. 

PROniTCTION EXAMPLE^3 
To a solution prepared by mixing 5 g of 25% aqueous 
ammonia solution, 320 g of ultrapure water, and 600 g of ethanol 
were added 15 g of methyl trimethoxysilane (7.4 g m terms of 
the product of complete hydrolysis and condensation) and 20 
tetraethoxysilane (5.8 g m terms of the product of 



g or 



monopropyl ether was added thereto . The resul tant mxxture was 
concentrated under reduced pressure until the total solution 
amount reached 140 g. Thereafter, 10 g of a 10% acetic acid 
solution m propylene glycol monopropyl ether was added thereto . 
Thus, a composition solution having a solid content of 8.3% 
was obtained. 

PRnnnr.TiON f.xample 4 
In 2 90 g of propylene glycol monopropyl ether were 
dissolved 77.04 g of methyl trimethoxysilane , 24.05 g of 
tetxamethoxysilans, and 0.48 g of 

tetrakis (acetylacetonato) titanium in a separable flask made 
of quartz. This solution was stirred with Three-One Motor and 
the temperature of the solution was kept at 60°C. Thereto was 
added 84 g of ion-exchanged water over 1 hour. The resultant 
mixture was reacted at 60°C for 2 hours and 25 g of acetylacetone 
was then added. This reaction mixture was further reacted for 
30 minutes and then cooled to room temperature. From the 
reaction mixture was removed 14 9 g of a solution comprising 
methanol and water by evaporation at 50°C. Thus, a reaction 
mixture was obtained. 

The product of condensation and other reaction thus 
obtained had a weight-average molecular weight of 8,900. 
PRQDIJCTmN^i>^AMPLE_.5 
To a solution prepared by mixing 6 g of 40% aqueous 
methylamme solution, 228 g of ultrapure water, and 570 g of 



and 20.9 g of tetraethoxysi lane (6 g in terms of the product 
of complete hydrolysis and condensation) . After this mixture 
was reacted at 60° C for 2 hours, 200 g of propylene glycol 
monopropyl ether was added thereto. The resulting mixture was 
concentrated under reduced pressure until the total solution 
amount reached 116 g. Thereafter, 10 g of a 10% acetic acid 
solution in propylene glycol monopropyl ether was added thereto . 
Thus, a coating composition 5 having a solid content of 10% 
was obtained. 

EXAMPLE 1 

The coating composition 1 obtained in Production 
Example 1 was applied to an 8-inch silicon wafer by spin coating 
to obtain a coating film having a thickness of 0 . 7 pm. This 
coating film was heated first at 80°C in the air for 5 minutes 
and subsequently at 200° C m nitrogen for 5 minutes and then 
irradiated with electron beams under the conditions shown in 
Table 1. 

The film obtained was evaluated by the following 
methods. The results obtained are shown m Table 2. 
1 . Dielectric Constant 

A sample for dielectric constant measurement was 
produced by forming an aluminum electrode pattern by vapor 
deposition on the film obtained. This sample was examined at 
a frequency of 100 kHz with precision LCR meter HP4284A, 
manufactured by Yokogawa^Hewlet t^Packard , Ltd., by the CV 




2 . Hardness 

A Barkobitch type indenter was attached to a 
nanohardness meter (trade name: Nanoindentator XP) 
manufactured by MTS , and this hardness meter was used to 
determine the universal hardness of the organic silica-based 
film formed on the silicon wafer. Hardness was measured by 
Mechanical Properties Microprobe method. 

3. Carbon Content 

The number of carbon atoms was determined by the 
Rutherford backward nattering method and hydrogen forward 
coil scattering method. The carbon content is shown in terms 
of the proportion of carbon atoms to all atoms (% by mole) . 

4. Examination for Silicon Carbide Bond 

Whether or not silicon carbide bonds were present was 
judged by infrared spectroscopy based on the absorption around 
890 cm'"- attributable to the stretching vibration of Si-C-Si. 

5. Cracking Resistance 

The composition sample was applied to an 8-inch silicon 
wafer by spin coating m such an amount as to result m a cured 
coating film having a thickness of 1 . 6 . This coating film 
was dried first at 90°C on a hot plate for 3 minutes and then 
at 200°C m a nitrogen atmosphere for 3 minutes . Subsequently, 
the coated substrate was burned for 60 minutes m a 420°C vacuum 
oven evacuated to 6 . 65 Pa . The coating film obtained was partly 
incised v.-ith a knife and then immersed m pure water for 5 hours . 



following criteria. 

C> : No crack propagation was observed. 
:< : Crack propagation was observed. 

F.XAMPLE S 2 TO 7 
The coating compositions shown in Table 1 were used 
in the same manner as in Example 1 to obtain coating films 
respectively having the thicknesses shown m Table 1. The 
coating films obtained were heated first at 80" C in the air 
for 5 minutes and subsequently at 200°C in nitrogen for 5 
minutes and then irradiated with electron beams under the 
conditions shown in Table 1. 

The films obtained were evaluated in the same manner 
as in Example 1. The results obtained are shown in Table 2. 
RF.FF.RENCE EXAMPLE 1 
The coating composition 1 obtained m Production 
Example 1 was applied to an 8-inch silicon wafer by spin coating 
to obtain a coating film having a thickness of 0 . 8 pm . This 
coating film was heated first at 80°C m the air for 5 minutes 
and then at 200°C m nitrogen for 5 minutes. Subsequently, 
the coated wafer was inserted into an electron beam irradiator 
and heated therein at 400° C for 5 minutes without conducting 
electron beam irradiation. 

The film obtained was evaluated m the same manner as 
m Example 1. The results obtained are shown in Table 2. 

The time required for electron beam irradiation m each 
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1 . 1 


14 . 9 


Present 


Example 6 


; 2.22 


0.7 


11 . 5 


1 Present 


Example_ 7 


: _.__2 .55 


1.1 


15.0 


i Present 








Reference 
Example 1 


3.11 


0 . 3 


10.8 


Absent 



EXAMPLES_8_jrQ_J.A 
Each of the coating compositions shown m Table 3 was 

applied to an 8-inch silicon wafer by spin coating to obtain 



subsequently at 200°C in nitrogen for 5 minutes and then cured 
by heating at 400°C for 30 minutes to form on the substrate 
an organic silica film having a dielectric constant of 2 . 8 or 
lower . 

These organic silica films were irradiated with 
electron beams under the conditions shown m Table 3 . The time 
required for electron beam irradiation in each of Examples 8 
to 14 was within 7 minutes. 

The films obtained were evaluated m the same manner 

-, mu„ ^^-=.,,1+-= r^v.^-3^ned are shown in Table 4. 
as m txdiupxfe; J- . ^^^^ — 





Coating 




Carbon 




ions for electron be 


im irradiat 






voltage 
(keV) 


(VC/cm^) 


ent 
(°C) 


Ambient 


ent 
gas 


Exangjle 
8 


4 


1.2 


13.5 


5 


10 


400 


1. 33 




Example 
9 


5 


0.7 


10.5 




50 


400 


1. 33 


Nz 


Example 
10 


2 


1.8 


12.5 




75 


350 


1. 33 


He 


Example 
11 




' 1.2 


! 

12.5 


1 5 


! 100 


400 


13. 3 


Ar 


Example 


j 4 


1.6 


13.5 


! 3 


i 2 00 


1 350 


1.33 




: Example 
13 

14 




0 . 1 

1 . 2 


10 .5 
13.5 


1 


75 
100 


400 

250 


9 310 0 

1-33 


Ar 
Ar 



Table 4 



Before electr 



j After electr 
irradiatii 





k 


Hard- 
(GPa) 


Si-C-Si 


Crack- 
resist- 


k 


Hard- 
(GPa) 


Si-C-Si 


Crack- 
resist- 


Example 
8 












0 . 9 




o 


Example 


2 . 3 


0 . 50 


Absent 




2 . 3 


0 . 9 


Present 




Example 
10 


2.2 


0.25 


Absent 




2 . 2 


0 . 6 


Present 




Example 
11 


2 . 2 


0 . 25 


Absent 




2 . 2 


0 . 8 


Present 




Example 
12 


2 . 6 


0 . 71 






2 . 7 


1 . 1 






Example 
13 


2 . J 


0 . 50 


Absent 








Freserit 




Example 
14 


2 . 6 


0.71 


Absent 




2 . 6 


1 . 0 


Present 





According to the invention, a film having a low 
dielectric constant and excellent mechanical strength can be 
provided . 



